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5 [0001J This application is a continuation application of U.S. Application Ser. No. 
10/339,357 filed on January 8, 2003, which is a conHnuation-in-parf application of U.5. 
Application Ser. No. 10/074,604 filed on Febmary 11, 2002, which is a utility iipplication 
claiming the benefit of U.S. Provisional Application Ser. No. 60/267,952, filed on February 
9, 2001, and further claims the benefit of U.S. Provisional Application Ser. No. 
10 6ty331,365, filed January 8, 2002, and of PCT Application Ser. No. PCT/US02/0-i880, filed 
or* February 8, 2002, all of which are hereby incorporated by reterence as if set forth fully 
herein. 



BACKGROUND OF THE INVENTION 

1) Field of the Invention 
IS [0002J The field of the present inventior^ relates to sound reproduction and, more 
specifically, to a speaker configuration and relattd sound processing for leie in an 
automobile or vehicular sound system. 
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2) Background 

[0003] Audio systems are commonfrface in automobiles and certain otf-ier vehicles. 
Such systems generally utilize program sources ranging from simple radios .ro relatively 
elaborate stereo or multi-channel systems with CD and cassette players together with 
5 multiple equalizers, pre-ampliflers, power amplifiers etc. 

[0004] While there Is a great variety in the configuration and components of 
conventional automotive audio systems, most of ihem suffer to varying degiees from a 
number of persistent problems in providing the highest sound quality. These problems 
partially result from the unique sound environment of the automobile when compared with 
10 a good listening room. Among the disadvantages are: 

• Much smaller internal volume resulting in a reduced reverberation time and 
lower modal density at low frequencies resulting in a lack of ambieiKe and an 
uneven bass response . 

15 •The proximity of highly reflective surfaces (such as the windows) to highly 

absorptive areas such as the upholstery or the occupants clothing leads to a 
great variability with frequency and head position of the direct to indirect sound 
arriving at the listener. Consequently even small changes in head or seating 
position can cause significant and. undesirable changes in the timbral quality of 

20 the music 

• The listening positions are necessarily restricted to the seating positions 
provided (usually 4 or 5) and all of these are very asymmetrically placed with 
respect to the speaker positions- Space is always at a premium wiihin a car 
interior and as a result the speakers are often placed in physically convenient 

25 poi&itions, that are nevertheless very poor from an acoustic point of view, such 

as the foot wells and the bottom of the front and rear side doors. As a result the 
listener's head is always much closer to either the left or right speaker leading 
directly large lnter<hannel time differences and different sound levels due to 
thel/rJaw, 

1489966 - 2 - 
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• AdditronaHy, the angles between the axes fronn the listeners ears to the axes of 
symmetry of the left and right speakers is quite different for each oorupant The 
perceived spectral balance is different for each channel due to the directional 
characteristics of the drive units. Masking of one or more spealcers by the 
5 occupants clothes or legs can often result In the attenuation of the mid- and 

high- frequencies by as much as lOdB, 

All of the above adversely impact the ability to produce high quality stereo reproduction, 
which Ideally has the following attributes: 

10 

• A believable and stable image or soundstage resulting from the lis.;ener being 
• nearly equidistant from the speakers reproducing the left and right channels and a 

sufficiently high ratio of direct-to-indiract sound at the listener's ears. 

• A smooth timbral balance at all the listening positions . 
'5 • A sense of ambience resulting from a unifonn soundfield. 



[OOOSJ Some features are provided in automobile audio systems which can partially 
mitigate the aforementioned problems. For example, an occupant can manually adjust the 
sound balance to increase the proportional volume to the left or right speakers. Some 
20 automobile audio systems have a "driver mode' button which makes the sound optimal for 
the driver. However, because different listening axes exist for left and right ocaipants, an 
adjustment to the balance that satisfies the occupant (e.g., driver) on one side of the 
automobile will usually make the sound worse for the occupant seated on the other side of 
the automobile. Moreover, balance adjustment requires manual adjustment by one of the 
25 occupants, and it fs generally desirable in an automobile to minimize user intervention. 

[00061 Another modification made to some automobile audio systems is to provide 
a center speaker, which reduces the image instability that occu5 when the listener is closer 
to either the left or right speaker when both are reproducing the same mono signal, with 
the intention of producing a central sound image. Other potential approaches which might 
30 be taken in an attempt to mitigate the foregoing automotive sound problems include 
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adding more speakers in a greater variety of positions (e.g., at the seat tops). While such 
techniques can sometimes provide a more pleasing effect, they cannot p«>vide stable 
imaging as the problems associated with asymmetry described above still lemain. The 
considerable additional cost of such desrgn approaches is usually undesirable in the highly 
5 cost sensitive and competitive automotive industry. Moreover, as previously noted, space 
is usually at a premium in the automobile interior, and optimal speaker positions are 
limited. 

10007] Accordingly, It would be advantageous to provide an improved automotive 
sound system which overcomes one or more of the foregoing problems or shortcomings, 
10 and which can provide improved sound quality while minimizing any increases in cost of • 
Che audio system. 

SUA4MARY OF THE INVENTION 

10008] The present invention is generally direaed in one aspect to an iiutomotive 
15 sound system which encompasses a combination of speaker configuration, speaker 
placement, and sound processing to reduce or minimize the undesired sonic efiects of the 
inevitable asymmetries between the listeners and speaker positions, in a car or similar 
vehicle, and provide more unifonm sound for the occupants. 

[0009] In one or more<embodimeots, an vehicle sound system comprises a pair of 
20 speakers placed close together and located in the front of the console or dashboard with 
their geometric center on (or as near as possible to) the central axis of symmetry of the 
vehicle. The sound system preferably comprises a sound processor which pn^vides audio 
signals to the pair of speakers. Because the left and right center speakers are effectively 
adjacent to one another, the difference in time of arrival of the sound information to the 
25 listener becomes minimal, and the relative volume level of both speakers is perceived as 
approximately the same. Moreover, both the right and left occupant experience 
approximately the $an>e volume level from the center pair of speakers, and the ratio of 
direct to indirect sound is maximized. 

MW9« - 4 - 
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[00101 According to a preferred embodiment, the sound processor acts to 'spread' 
the sound image produced by the two closely spaced speakers by employing a cioss- 
cancellation technique in which, for example, the cancellation signal fs derived from the 
difference between the left and right channels. The resulting difference sijjnal can be 
5 scaled, delayed (if necessary), and spectraJly modified before being added In opposite 
polarities to the left and right channels. The spectral modification to the difference channel 
preferably takes the fonp of a low-frequency boost over a specified frequency range, in 
order to restore the comect trmbral balance after the differencing process whli* causes a 
loss of bass when the low^requency signals in each channel are similar. Additional phase- 
1 0 compensating alt-pass networks may be inserted in the difference channel to coi-rect for the 
extra phase shift contributed by the usually minimum-phase-shift spectral modi^ying circuit 
so that the correct phase relationship between the canceling signal and the dirixt signal is 
maintained over the desired frequency range. 

[0011] Alternatively, a linear-phase network may be employed to provide the 
15 spectral modification to the difterence channel, in which case compensation can be 
provided by application of an appropriate, and substantially identical, frequency- 
independent delay to both left and right channels. 

[0012] In various embodiments, the pair of central speakers may be placed in a 
common enclosure. that is inserted into or else Integral with the front console or dashboaixJ 

20 of the automobile. In certain embodiments, the center speakers (or multiple speakers in 
series) may be placed with their diaphragms facing towards a rigid reflecting surface such 
that substantially all of the sound energy Is directed forward via a sound duct or channel 
and out a narrow slot or orifice, towards the listenerCs), The resultant radiating system may, 
in certain instances, provide ihe dual benefit of occupying less dashboard area, where 

25 space is at a premium, and possessing a very wide directional characteristics due to the slot 
or orifice having dimensions that can be made very small with respect to ihe wavelength 
the radiated sound. 

[0013] The use of a pair of central speakers in conjunction with sound processing to 
provide improved sound quality may be employed in more than one location in the 
30 automobile. Thus, for example, a parr of rear central speakers with srmiiar sound 
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processing may be added in the rear of ,he vehicle, for example in the center above .he 
«ar seatback, for use in the play back of p«g«m with disoetely encoded or simulated 
multichannel surround sound. Likewise, for la^er slides (ag., a limousine), a pair of 
front cental speakers may be used in both the driver compartment and the passenger 
compartment, the latter having applications for ^r seat video presentations of films or 
music videos having multkhanneJ surround sound. 

roOMl Further embodiments, variations and enhancements are also disclosed 
herein. 



10 



BRIEF DESCRIPTION OF THE DRAWINGS 

I0015I FIG. 1 is a diagram of a preferred automobile sound system in accordance 
with one or more embodiments as disclosed herein. 

10016] "C-^«af«,ntc«.^way view of an embodimentof a speaker enclosure 
for a pa\r of stereo speakers. 

15 I0017I FIG. ^Bisatopaoss^ctional viewofthespeakerendosur^shovm in FIG. 



2A, 
[0018] 

and 2B. 



FIG. 2C is an oblique front view of the speaker enclosure shown in FIGS. 2A 



20 



I0019J F,c. 2D is a diagram illustrating sound ^flection from a downward oriented 
speaker, sudi as a speaker in the speaker enclosure of FIGS. 2A - 2C. 
roO20J FIG. 3 is a simplified blodc diagram of a sound processing s,«em In 
accordance with one or more embodiments as disclosed herein. 
r002ll FIG. 4 is a more detailed diagram of a sound pro«ssing system. 
[0022J FIG. 5 is a diagram of a sound processing system Illustrating representative 
25 transfer functions. 

f0023] FIG. 6 is a diagram of a sound system in accordance with the general 
principles of the systems illustrated in FIGS. 4 and S, as applied in .he context of a 
surround sound system. 
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FiCS. 7A and 7B a. g.phs .K.st.t.ng examples of f,«,uency response and 
^^ase ..nsfe. runalcs for a sound .ocessio, syste. in accordance nc. 5 1 

5 LT,e. ' °' ^ ^'^^ ^" or other 

rspea.ei:''"'"'"'""^^'"'''"''"^^^^^^ 

" ' """^ ^ ~ a W spec. 

s^e. for p..d,„g poten.ialiy improved ext^me rtght/Jeft sound, in connection wi«, the 
pair of closely spaced center speakers. 

10029] FIG. 12 is a graph illustrating a relationship between speaker separalfon !„ 
varlousenrbodimenuasdisdosedhereinanddifferencchannelgain 

an automobile or other vehicle. 

W».J F«5. ,M ,„<, ,4. ,„ di^ ^ ^ 

characteristrcs for certain processing blocks. 

23 r0034, ncs.t7Aandl7Ba.diagran»ofaspeakerar,ange.entasmaybe«ed, 
for exa.p,e, in connexion with a speaker moun^ng str«au. or enclosu. for pn^idin 
^ndoutput through an orifice, and HC. , 7C is a panicul. variation W i„u.tra«„g 
P«fened dtn^nsrons of soundOamping material acco^ling ,o one exar«p,e 

1 7A and 1 7B, wherein delays are used to synchronize sound output .hn,ugh the orifi« 



30 
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[0036] FIG. 79A is a diagram of a speaker mounting structure w enclosure 
illustrating a particular arrangement of sountMamping materiar around the speakers, while 
FIG. 19B is a detail diagram of a portion of FIG. 19A. 

r0O37J FIG. 20^(5 a cutaway to;>-view diagram of another speaker iirrangement 
5 similar to FIG. 1 7A but adding an additional speaker. 

I0038I FIG. 21 is an oblique view diagram of the speaker arrangement of FtC. 20, 
illustrating one possible embodiment of a speaker mounting structure associated therewith. 
10039] FIG. 22 is an assembly diagram of a speaker mounting stmcture utilizing a 
general speaker arrangement such as shown in FIG. 20. 

10 [0040] flGS.23A and 23B are oblique view diagrams comparing speaker mounting 
stnjctures utilizing the general speaker arangemenls of FIGS. 2A-28 and 19A-19B, 
respectively. 

[0041] FIG. 24 is a diagram illustrating an example of stereo unit including Internal 
speakers and output slots ior sound radiation. 



15 
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DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS 



(00421 FIG. 1 is a diagram of a preferred automobile sound system 100 In 
accordance with one or more embodiments as disclosed herein. In RC. 1, two speakers 
114. 115 are positioned in dose proximity to one another, and receive and respond to 
audio signals 132 and 133, respectively, from a sound processor 108. The speakers 114, 
115 are preferably left and right speakers, may (but need not) be nominally Identical, may 
be separated by a distance Ap from one another as further desaibed herein, and rnay be of 
any suitable size and type provided that they fit within the size constraints of the available 
automotive compartment(s) or other space. Further, the speakers 114, 115 may be 
25 positioned along or near the central axis of the interior of the automobile, such as, for 
. example, in the center console, or atop the center of the dashboard, or in a central island 
between the driver and passenger seats. 

[00431 The sound processor 108 receives audio input signals 102 and lOa from a 
suitable audio signal soun» 105, from any typical automotive audio components (e.g., CO 



"■MM . S . 
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player, cassette player, radio, etc.) thai may be included therewith. The audio input signals 
102. 103 may be derived from any audio produa including any prerecoitled medium 
(such as a cassette, CD, or DVD), any digital audio file, or any wireless {e.g., radio) 
broadcast received by the audio system. The sound processor 108 preferably processes the 
5 stereo sound signals 102, 103 according to techniques described in more detail herein, and 
provides the processed signals 132, 133 (after any desired amplification or level shifting) to 
the pair of closely spacjed speakers 114, lis. The stereo signals 102, 103 may also 
•optionally be fied, either directly or via the sound processor 118 (if certain aiditfonal or 
complementary sound processing is desired) to additional speakers, if any, iiuch as left 
10 speaker 124 and right speaker 125 shown in FIG. 1. 

I0044J In a preferred embodiment, the sound processor 108 acts to e«fectively 
'spread' the sound image by, in a broad sense, taking the difleicnce betweiHi the two 
audio channels 102. 103, spectrally modifying the intermediate difference signal, and then, 
after scaling, adding it in appropriate polarity to the left and right channels. When the 
15 speakers 114. 115 are placed close together, side^by-side, the resulting phenomenon 
causes an apparent expansion of the stereo sound image despite the fact that the speaken 
114, 115 are located in close proximity. 

[00451 The bass lifting or spectnal weighting carried out by the sound prwressor 1 08 
. _ may cause phase shifting, which can be compensated for using phase equalization. 
20 Complementary phase compensation can be provided along each of the audio channels 
102, 103 prior to mixing (l.e., crossoncellation) so that the left and right audic channels 
102. 103 are substantially in phase with the spectrally modified difference signal. Where 
the bass lifting or spectnU weighting is accomplished using linear phase filtering, however, 
no phase equalization may be needed or desired, although equal delays aw preferably 
2S added to both the left and right audio channel paths in order to compensate for the 
additional delay produced by the linear-phase equalizer in the difference chan.iel. The 
primary purpose of the speakers 114, 115 is not necessarily to provide only monaural 
information, as with a conventional centrally positioned speaker (although monaural 
Infomiation may be fed to the speakers 114, 1 1 5), but rather, when combined with suitable 
30 mid- to high-frequency pnjcessrng and mixing (via the sound processor 108), to produce a 
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symmetrical spreading of stereo infomiatlon. which results in a better stereo presentation 
for both left and right occupants even when not directly on-axis. 
I0046I Because the two center speakers 1 14, 1 1 5 are closely spaced with respea to 
one another, the difference in time of arrival of the sound information to a given listener 
5 becomes minimal, and the relative volume level of both speaker, as perceivejl by a given 
listener, is approximately the same. Moreover, both the right and left occupant will 
generally experience approximately the same volume level from the center pair of speakers 
114, lis. In the event that the closely spaced speakers are unable to radiate potentially 
/arge out-of- phase, low-fiw|uency components resulting from the cfoss^ancellation 
10 process, the very low frequencies can be isolated by means of a low-pass filter and 
directed to a separate subwoofer, while a corresponding high-pass filter may b<! utilized to 
prevent high-level, low-/requency signals from overloading the smaller speaken. For any 
bass audio componenb that might be difficult for the relatively small center spisakers 114, 
I IS to handle, the left and right audio channels 102, 103 am be fed to left and right bass 
15 speakers 121 and 122, respertively, possibly In conjunction with attenuati(»i ai mid/high 
frequencies and/or boosting at low/bass frequencies as provided by the sound processor 
108 or any other suitable means. In embodiments in which mid/high frequencies are 
output by the center pair of closely spaced speakers and bass or low frequencies are output 
by left and right door-mounted speakers, advantages in amplifier efficienq/ may be 
20 achieved because less power will generally be needed to obtain higher volume k vels. 

[0047] When the speakers 1 14, 115 are placed in the front console or dashboard, or 
othen*lse on or near the center axis of the automobile, they may (but ne&j not be) 
mounted at a sufficient height so as to have a relatively unobstruaed pathway to the 
listeners' ears, thus eliminating ntuffiing or damping associated with obstructions such as 
25 seats and occupant bodies. In such embodiment, the speakeis 1 14, 1 1 5 are locited at an 
ideal or at least preferably acoustical position, being less obstructed and less reflected, and 
allowing more space for the sound to unfold. 

r004BJ Further details regarding preferred techniques for sound proaasing in 
connection with the closely spaced speakeis will now be described. FIG. 3 Is a simplified 
30 block diagram of a sound processing system 300 in accordance with on embodiment as 

IM9KC - 10 - 
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m T any sound 

s^..,^.hut..«n,uMe audio cH.^^^^ 

F.C. 3, a left audio signal 3, 1 and right audio signal 312 a^ provWed to a sound 

s^Zr/^t":'^^"'"'^^^^^*-^---- ^'^^^"-^ 

s^an^llandnght audio sig„al3,2n«ya,so be p^vided to left and right ^^^^^ 

or „ speate^ ,„ p,^. 3. ,„ ^ ^^^^^ ^^^^^.^^^^ ^^^^ 

P^cessor 310 gene«tes a spectrally weighted difference signal from the left and right 
c^nnel aud.o signals 311, 312, and mixes the spect^lly ^.ighted difference signal 
(ad,ustingfbrapp,opriatepolarity)w.tha,elef»andrightchannela«dio«^^^ 3l2to 
Pn^vide a cross<ance.Iation effect prior to applying the resulting signals to tl« pair of 
speaker 324, 325, thereby widening the sound Image produced by the speakers 324, 325 
to provide an effect of stereo sound despite the dose proxlmhy of the speakers 324, 325 
I0049I FIG. 4 is a more detailed diagram of a sound processing systero 400 In 
accordance with various pnnciples as disclosed herein, and as may be used, for example 
.n connection with the amomobile sound system 100 illustrated in FIG 1 or mor^ 
generally, in any sound system which utilizes multiple audio channels to proJkle stereo 
source signals. In the sound processing system 400 of FIG. 4, a left audio signal 41 1 and 
right audfosignaf 412 are provided from an audio source, and may be fed to other speakers 
as well (not shown in FIG. 4). The diffeiBnce between the left audio signal 411 ^nd right 
aud>o signal 412 Is obtained by, e*, a subtractor 440, and the difference signal 4^n is fed 
to a spectral weighting filter 442, which applies a spectral weighting (and possibly a gain 
faaort to the difference signal 441. The characteristics of the spearal weighting fi;ter442 
may vary depending upon a number of factors including the desired aural effm die 
spacing of the speakers 424, 425 with respec to one another, the taste of the listener, and 
so on. The output of the spectral weighting filter 442 may be provided to a phase 
equalizer 445, which compensates in part for the phase shifting effect caused by the 
spectral weighting filter 442 (if non-linear). 

10050] In FIG. 4, the output of the phase equalizer 445 is provided to a cioss- 
cancellation d«^it 447. The c««s<ancellatlon circuit 447 also receh^es the left audio 
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signal 41 1 and righi audio signal 412, as adjusted by phase compensation dreiiits 455 and 
456, respectively. The phase compensalion circuits 455, 456, which may be embodied as, 
e.g., all-pass filters, shift the phase of their respective inpot signals (i.e., left and right audio 
signals 411,41 2) in a complementary manner to the phase shifting perfomwd by the phase 
5 equalizer 445 (and the InherentTJhase-distortion caused by the spectral wei;jhting filter 
442). The crossonceJIation circuit 447, which may include a pair of sumrriing circuits 
(one for each channel), then mixes the spectrally-weighted, phase«,ualized difference 
signal, after adjusting for appropriate polarity, with each of the phase^omptmsated left 
audio signal 411 and right audio signal 412. The perceived width of *e soundstage 
10 produced by the pair of speakers 424, 425 can be adjusted by varying the |s.fn of the 
difference signal path, and/or by modifying the shape of the spectral weighting filter 442. 
I00S1] FIG. 1 6 is a diagram of a sound processing system 900 in general accordance 
with the principles and layout illustrated in FIG. 4, further showing typical examples of 
possible transfer function characteristics for certain processing blocks. As with FIG. 4, in 
15 the sound processing system 1600 a left audio signal 1 61 1 and a right audio sii^al 1612 
are provided from an audio source (not shown), and a difference signal 1641 is obtained 
representing the difference between the left audio signal 1611 and the right audio signal 
1612. The difference signal 1641 is fed to a spectral weighting filter 1642, whi,±, in the 
instant example, applies a spectral vreighting to the difference signal 1541, the 
20 characteristics of which are graphically illustrated in the diagram of FIG. 16. A more 
detailed graph of the transfer ftjnction characteristics (both gain and phase) of th«^ spectral 
weighting filter 1642 in this example appean in FIG. 15A. As shown the«!in, the spectral 
weighting filter 1642 is embodied as a first-order shelf filler with a gain of 0 dB at low 
frequencies, and turn-over frequencies at approximately 200 Hz and 2000 Hz. If desired, 
25 the gain applied by gain/ amplifier block 1646 can be integrated with the spectral 
weighting filter 1642, or the gain can be applied downstream as illustrated in FIG. 16. In 
any even^ as previously noted, the turnover frequencies, amount of gain, slope, aiid other 
transfer finction charaaeristics may vary depending upon the desired applicadoii and/or 
overall system characteristics. 
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100521 A phase equalizer 1645 is provided in the center processing channel, and 
addition phase compensation circuits 1655 and 1656 in the right and left c hannels, to 
ensure that the desired phase relationship is maintained, over the band of interest, between 
the center channel and the right and left channels. As shown graphically in b-Dth FIG. 16 
and in more detail in FIG. ISA, the spectral weighting filter 1642 in the instant example 
causes a phase distortion over at least the 200 Hz to 2000 Hz range. The phase equalizer 
1645 provides no gain, but modifies the overall frequency characteristic of the center 
channel. The phase compensation circuits 1655 and 1656 likewise modify the phase 
characteristics of the left and right channels, respectively. The phase compensation is 
preferably selected, in the instant example, such that the phase characteristic of the center 
channel (that is, the combined phase effect of the spectral weighting filter I6^i2 and the 
phase equalizer 1645) is approximately 180° out-of-phase with the phase characteristic of 
the left and right channels, over the frequency band of interest (in this examplti, over the 
200 Hz to 2000 Hz frequency band). At the same time, the phase characteristic of the left 
and right channels are preferably remains the same, so that, among other things, monaural 
signals being played over the left and right channels will have identical phase f.rocessing 
on both channels (and thus maintain proper sound characteristics). Therefore, the phase 
compensation circuits 1655 and 1656 preferably are configured to apply identical phase 
processing to the left and right channels. 
20 r0053J More detailed graphical examples of gain and phase transfer functions (with 
the gain being zero in this case when tfie components are embodied as all-pass filters) are 
illustrated for the center channel phase equalizer 1645 in FIG. 15B and for th& left and 
right channels phase compensation circuits 1655, 1656 in FIG. 15C. In these examples, 
the phase equalizer 1645 is embodied as a second-oider all-pass filter (with F - 125 Hz 
25 and Q - 0.12), and the phase compensators 1655, 1656 are each embodied as second- 
order all-pass filters (with F - 3200 Hz and Q - 0.12). A higher Q value may be: used to 
increase the steepness of the phase dropoff, reducing the extent to which th.» center 
channel is out-of-phase with the left and right channels at low frequencies (thus minimizing 
the burden imposed upon the speakers 1624, 1625). 



15 



13- 



PACE 2IM83 * RCVD AT »2S/200« 11:1»:38 PM {Eastern Daylight Time] * SVR:USPTO«FXRF-2/8 * DNIS:27383M * CSID:310 203 7199 ' DURATION (min««):26-46 



08/25/2006 20:23 FA! 310 203 7199 



IRELL & MANELLA 



@021 



PATENT 
157835-0027 

I00S41 FIG. 6 illustrates another implementation of the sound system 40.3 shown in 
FIG. 4, where all-pass filters are used to provide phase equalization and/or compensation. 
[00551 FIG. 5 is another diagram of a sound processing system 500, in .iccordance 
with the general principles explained with respect to FIGS. 3 and 4, illustrating 
5 repiBsentative transfer functions according to an exemplary embodiment as described 
herein. In the sound processing system 500 shown in FIG. 5, input audio signals XI and 
X2 (e.g., left and right audio signals) are processed along two parallel path;;, and the 
resultants individually summed together and provided as output signals Yl and Y2, 
respectively (which may be fed to a pair of speakers, e.g., left and right speakers located in 
10 close proximity). A difference between the input audio signals XI and X2 is obtained from 
a subtractor 540, which provides the resuhing difference signal 540 to a processing block 
560 having a transfer funrtlon -B. The first input audio signal XI is also fed to a 
processing block 555 having a transfer function A, and the output of processing Mock 555 
is added together with the output of processing block 560 and fed as the first output signal 
Yl. Likewise, the second input audio signal X2 is fed to a processing block 556 having a 
transfer function - A (i.e., the complement to the transfer function A of processing block 
555), and the output of processing block 556 is inverted and added together with the 
inverted output of processing block 360, then fed as the second output signal Y2. The 
overall relationship between the inputs and the outputs of the FIG. 5 sound processing 
20 system 500 can be expressed as: 



15 



10056] In a preferred embodiment, the transfer function - B of processing block 560 
25 represents the combined transfer functions of a spectral weighting filter of desired 
characteristics and a phase equalizer, such as illustrated by the difference path In the: sound 
processing system 400 of FIG. 4. Also in a preferred embodiment, the transfer functions A 
and - A of processing blocks 555 and 556, respectively, each represent the transfer 



H89966 



•14 



PAGE 21/83 * RCVD AT 8/25/2008 11:19:36 PM [Eastem Daylight Time] ' SVR:USPTO-EFXRF-2/8 ' DNIS:2738300 * CSID:310 203 7199 * DURATION (min^):26^0 



08/25/2006 20:23 FAX 310 203 719S 



IRELL & HANELLA 



@022 



PATENT 
157835-0027 

function of a phase compensation network that performs a complementary phase shifting to 
compensate for the phase effects caused by the processing block 560. The polarities in 
FIG. 5 are selected so that appropriate croswancellatlon will be attained. 
[00571 In a preferred embodiment, input signals XI and X2 represent the 2- 

transfomns of the left and right audio channel inputs, and Y1 and Y2 represent the 
corresponding Z-transf6m,s of the left and right channel outputs which feed the pair of 
speakers (e.g., left and right speakers) located in close proximity. The transfer functions A, 
- A, and B may be represented in temis of z, and are detemilned in part by the sampling 
frequency Fs associated with processing in the digital domain. According to a particular 
embodiment, blocks 555 and 556 are each second-order all-pass fillers with f _ 3200 
Hertz, Q - 0.12, and may, in one example, possess the following transfer function 
characteristics based upon representative examples of the sampling frequency F^: 

For Fs - 48 KHz, 

15 ^(r)- ~ - 0.6780222^-' +z-' 

1 -0,6780222«-' -0.2578123r-* 



I0058I For Fs - 44.1 KHz, 



10 



20 



A(z) = -029 44196 - 0.633509z - + z 



-2 



1 -0.633509^-* -0.2944196Z-* 
I00S91 For Fs- 32 KHz, 



A(2) = " Q '^^Q^^gg - 0.4691 17?-' -f 2-^ 
1 - 0.4691 17z-' - 0.4201395Z-' 
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m this particular embodiment, block 560 may be a fi«tK>rder shelf having a gai„ of 0 dB at 
low frequencies and turn^ frequencies of 200 Hertz and 2 KHz in casaide with 
second-order all pass filter, with f = 125 Hz, Q = 0.12, and may, in one example, possess 
the following transfer function characteristics based upon representative examples of the 
sampling frequency Fj.- 

100601 For Fj- 48 KHz, 



p(,)-^^ 0 in6288-0.0857871z-' 0.8723543 -1 .872 1 04z-' -h^-^ 
1-0.9741583Z-" 1-1.872104^-' +0.8723543^"^ 



10061] For Fs -44.1 KHz, 



p(rj-fy^ O- 1^26427 - 0.08454782-' 0.861 8468 -1.861552z-' +2'^ 
1 -0.9719051Z-' 1 -1.861552^-' + 0.8618468z-^ 



15 {00621 For Fs = 32 KHz, 



p(,)_^.. 0 1 173312 - 0.Q788175Z-' ^ 0.814462 - 1.813915^-' -i-z-' 
I -0.9614863^-' ^ J -1.8139152 -' +0.814462?"^ 



A gain factor may also be included in block 560, or else may be provided in the same path 
20 but as a different block or element. The gain may be deteimined for a particular 
application by experimentation, but is generally expected to be optimal in the range- of 10- 
15 dB. In one embodiment, for example, the gain factor is 12 dB. 
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100631 FIGS. 7A and 7B are graphs illustrating examples of frequency response and 
phase transfer functlorw for a sound processing system in accordance with FIG. 5 and 
having particular spectral weighting, equalization and phase compensation characteristics. 
FIG. 7A illustrates a frequency response transfer function 702 and phase transfer function 
70S for -B/A, which represents the transfer function of the difference channel (- B) and 
the first input channel (XI) with +12 dB of gain added. As shown in FIG. 7A, the 
frequency response transfer function 702 exhibits a relatively flat gain in a first r^^gion 710 
of bass frequencies (in this example, up to about 200 Hertz), a decreasing gain in a second 
region 711 of mid-range frequencies (in this example, from about 200 Hertz to about 2 
KHz), and then a relatively flat gain again in a third region 712 of high frequencitis (in this 
example, above 2 KHz). The phase response transfer function 705 indicates that in the 
second region 71 1 of mid-range frequencies (i.e., between about 200 Heitz and 2 KHz) the 
output signal remains substantially in phase. 

I0064I FIG. 7B illustrates a frequency response transfer function 727 and phase 
1 5 transfer function 725 for -B/~A, which represents the transfer function of the difference 
channel (- B) and the first input channel {X2) with + 12 dB of gain added. In FICi. 7B, as 
with FIG. 7A, the frequency response transfer function 727 exhibits a relatively flai: gain in 
a first region 720 of bass frequencies (in this example, up to about 200 Hertz), a derreasing 
gain in a second region 721 of mid-range frequencies (in this example, from ab.3ut 200 
20 Hertz to about 2 KHz), and then a relatively flat gain again in a third region 722 of high 
frequencies (in this example, above 2 KHz). The phase response transfer function 725 
indicates that in the second region 721 of mid-range frequencies (i.e., between about 200 
Hertz and 2 KHz) the output signal is substantially inverted in phase (i.e., at 180 degrees). 
10065] As noted, the output signals Y1, Y2 are preferably provided to a pair of 
speakers located in close proximity. The transfer functions A, - A, and B are examples 
selected for the situation where the speakers are located substantially adjacent to one 
another. However, benefits may be attained in the system 500 of FIG. 5 where the pair of 
speakers are not immediately adjacent, but are nevertheless in close proximity with one 
another. 
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[0066] FtC. 10 is a diagram of a sound processing system 1 000 in acconlanoe with 
an alternative embodiment as described herein, empfoying a linear spectral weighting 
filter. In the sound processing system 1000 of FIG. 10, a left audio signal 1011 and right 
audio signal 1012 are processed to derive a pair of processed audio signals 1048, 1049 
5 which are applied to a pair of closely spaced speakers 1024, 1025 (e.g., left and right 
speakers). The left and right audio signals 1011, 1012 are operated upon by a jubtractor 
1040, which outputs a difference signal 1041 representing a difference between the left 
and right audio signals 1011, 1012. The difference signal 1041 is fed to it spectral 
weighting filter 1042 having a linear phase characteristic The spectral weighting filter 
10 1042 may have frequency response characteristics in general accordance, for example, 
with the transfer function illustrated in FIG. 7A or 7B. Because the spectral weighting filter 
1042 has a linear phase characteristic, phase equali2ation and compensation are not 
necessary. Therefore, the output of the spectral weighting filter 1042 may be provided 
directly to a cross-cancellation circuit 1046, which then mixes the spectrally weighted 
15 signal with each of the left and right audio channels before applying them to the speakers 
1024, 1025. To compensate for the delay caused by the spectral weighting filtur 1042, 
delay components 1055 and 1056 may be added along the left and right channul paths, 
respectively. The delay components 1055, 1056 preferably have a delay charzicteristic 
equal to the latency of the linear spectral weighting filter 1042. 
20 [00671 The amount of cross-cancellation provided by the sound proce;islng in 
various embodiments generally determines the amount of 'spread' of the sound image. If 
too much cross-cancellation is applied, then the resulting sound can seem cliuiky or 
echoey. If too little cross-cancellation is applied, on the other hand, the sound image may 
not be sufficiently widened. 
25 [00681 The pair of speakers (e.g., speakers 1 14 and 1 1 5 in FIG. 1 ) which rectiive the 
sound processed information are preferably located immediately adjacent to one another; 
however, they may also be separated by some distance Aq while still providing benefits of 
enlarged sound image, increased stability, and so on. Generally, the farthest maKimum 
separation of the speakers 114, 115 can be determined by experimentation, but 
30 peribrmance may gradually decline as the speakers 1 1 4, 1 1 5 are moved farther apa,t from 
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one another. Preferably, the pair of speakers 114, lis are placed no further a,>art than a 
distance that is comparable with the wavelength of the highest frequency that h intended 
to be radiated by the speakers 1 14, 115. For a maximum frequency of 2 kHz, Ihis would 
correspond to a center-to<enter spacing of about 6 inches between speakers 114 and 1 1S. 
However, Ideally the speakers 114, 115 are placed immediately next to one another, in 
order to attain the maximum benefit from the sound processing techniques as described 
herein. 

I0069I When the pair of speakers 1 14, 1 15 are closely spaced, they may l,e placed 
on a common mounting structure - for example, in a common enclosure, with a central 
(preferably airtighl) dividing partition - that may, for example, be inserted into or else 
integral with the front console or dashboard of an automobile, or placed elsew^.ere near 
the central axis of the automobile. FIGS. 2A, 2B and 2C illustrate one example of an 
enclosure 201, particularly suited to applications where space is limited, housing a pair of 
speakers 214, 215 which can receive and respond to sound processed signals fron-. left and 
1 5 right audio channels in accordance with the various techniques described herein. FIG. 2A 
is a front cut-away view of the exemplary speaker enclosure 201 housing the pair of 
speakers 214, 215; FIG. 2B is a top cross-sectional view of the speaker enclosure 201 
shown in FIG. 2A; and FIG. 2C is an oblique front view of the speaker endos jre 201 
shown in FIGS. 2A and 2B. As shown perhaps best in FIG. 2C, the speaker enclosure 201 
20 in this example is preferably substantially rectangular in shape, and is preferably designed 
with dimensions so as to slide into or otherwise fit within a standanJ or double "DIN" slot 
In the front console space of an automobile. The speaker enclosure 201 may include a 
front panel 232, a pair of side panels 230, a top panel 235, a bottom panel 21i9, and 
possibly a back panel 231. To achieve isolation between the two speakers 214, ::15, an 
25 interior wall 216 such as illustrated in FIG. 2A and 28 may be placed between the s(>eakers 
214, 215, dius creating two separate speaker chambers, one housing each of tlie two 
speakers 214, 215. The speaker 214, 215 are preferably positioned or mountoJ on a 
baffle, a mounting surface, or other barrier so as to acoustically isolate their rear raijiatron 
from their front radiation. 
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[0070J The pair of speakers 214, 215 may be pointed directly frontwards; however, 
in the instant example, the speakers 214, 215 are oriented downwards, as illustrated in 
FIG. 2A. When so oriented, a slot 219 may be located at the bottom of the speaker 
enclosure 201, to allow the sound from the speakers 214, 215 to radiate outwarcs towards 
5 the direction of the listeners in the automobile. Effectively, then, the speakers 214, 215 
only take up an amount of console /dash surface space coniesponding to the size of the slot 
219. In an automobile environment, front console/dash space is typically extremely 
valuable since it is scarce, and thus the ability to position two speakers 214, 215 In the 
front console/dash while minimizing the amount of surface space consumec can be 
10 extremely advantageous. Audio system controls/dlsplay(s) or other conventional console 
accoutemients (controls, LCD or other displays, air vents, etc) can be attached to or 
integral with the front panel 232 of the speaker enclosure 201, so the availabl.; surface 
space on the front panel 232 is valuably utilized. 

10071 J Moreover, when so oriented, the speakers 2 1 4, 2 1 5 may be potential ly larger 
15 in size (assuming console space is limited); for example, each speaker may be about 4' (for 
a total of approximately 8* across collectively), which may fit into a standard DIN jpace or 
other similar space, whereas the speakers would otherwise generally have to be under 
perhaps 2' to 2 VST or less to fit within the DIN space (or other similar center console 
space), if oriented in a frontwards direoion. The ability to place larger speaker; in the 
20 center speaker unit may, among other advantages, allow better bass reproduction then 
would be the case with smaller centrally located speakers and, hence, can reduce or 
potentially dispense with the need for side (e.g., door-mounted) bass speakers to cirry the 
bass infonnation of the left and right channels. 

10072] The effect of orienting the speakers 214, 215 in a downwaid dire<:tion is 
25 conceptually illustrated in FIG. 2D, which shows a generic speaker 290 pointing 
downwards towards a surface 291. The sound output from the speaker 290 radiates 
outward from the centerpolnl along the surface 291 in essentially all directions (i.e., a 
complete 360Kiegree circle). Thus, as shown in FIGS. 2A and 2C, a slot 219 is preferably 
located at the bottom of the speaker enclosure 201, to allow the sound from the speakers 
30 214, 215 to radiate outwards towards the direction of the listeners in the automobile. A 
i4e9»M - 20 - 
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layer of Insulation 212 (e.g., foam or other sound-damping material) preferably nrtatching 
the outer contours of the speakers 214, 21 5, as illustrated in FIG. 2B, may be placed within 
the speaker enclosure 201, so that the sound does not reflect on the back panel :!31 (if any) 
of the speaker enclosure. In the resulting speaker enclosure configuration, sound 
5 emanating finom the speakers 214, 215 is cleanly projected through the slot 219 to the 
listeners in the automobile. The layer of insulation 212 may have the benefitCs) in certain 
embodiments of preventing the creation of standing waves, and/or of minimizing the 
variation of sound output response with respect to frequency so that the speaker output can 
be readily equalized by, e.g., any standard techniques^ including analog or digital 
10 equalization. For example, cascaded filter sections may be employed to tailor the 
frequency response of the speakers 214, 215 in discrete frequency bands so as to provide a 
relatively uniform overall frequency response. 

[0073] The layer H insulation 212 may be comprised of any suitable; material, 
preferably non-resonant ii nature and having sound damping or absorbing qualities. The 
15 insulation 212 may, for e cample, be comprised of expanded or compressed foam, but may 
altematlvely comprise lubber, reinforced paper, fabric or fiber, damped polymer 
composites, or other mate rials or composites. 

[00741 In an alternative embodiment, the speakers 214, 215 may b<5 directed 

upwards instead of downwards, with the slot 219 being located at the top of the speaker 

20 enclosure 201, to achieve a similar effect. The speakers 214, 215 may alternatively be 
positioned sideways, either facing towards are away from each other, with a piiir of slots 
(one for each of the speakers 214, 215) being adjacent and vertical In orlentalion rather 
than horizontal, as with slot 219. In such an embodiment, the speaker enclosure may be 
taller but narrower in size. 

25 10075] In some circumstances, high frequencies (such as over 2 KHz) might become 
lost or reduced in the speaker enclosure configuration illustrated in FIGS. 2 A - 2C 
Therefore, one or more additional speakers 217 of small size (e.g., tweeters) may be 
advantageously placed alcove the *belK of the speakers 214, 215 and in the front panel 
232 of the speaker enclos ire 201, to radiate the higher frequencies. 
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I0076I While the speaker enclosure 201 shown in FIGS. 2A - 2C has certain 
advantages for placement in a standand DIN space {or other similar or analogous space) of 
an automobile, it should be understood that the closely spaced speakers 1 14, 1 1.5, whether 
or not contained in a speaker enclosure 201, may be positioned in other arjas of the 
5 automobile as well, such as atop the front dashboa«J, above the rear seatback, or in a 
center console or island located between the front seats or between the front and back 
seats. Preferably, the closely spaced speakers 1 14, 1 15 are located on or near ihe center 
axis of the automobile, so as to provide optimal sound quality evenly to occupants on both 
sides. 

10 I0077J Because of space constraints within an automobile, the centrallv located 

speakers (e.g., speakers 114, 115 in FIG. 1) may be of limited size. Smaller speakers, 
however, tend to suffer losses at low frequencies. To compensate for the loss of low 
frequency components where the central pair of speakers are small, left and right bass 
speakers (e,g., speakers 124, 125) may be provided in a suitable location - for .ixample, 
built into the automobile doors. The left and right audio channels fed to the left iind righi 
door speakers can be processed to attenuate the mid/high frequencies and/or boost the bass 
audio components. Providing bass frequencies through the door speakers will noi: destrxiy 
the stereo effect of the mid/high frequencies provided by the central pair of speakers, since 
it is well known that low frequencies are not normally localized by the human listener. 
20 [0078] In addition, as previously noted, a sub-woofer may be added in a suitable 
location within the automobile to further enhance very low frequency bass audio 
components. The sub-woofer may be located, for example, in the rear console of the car 
above the rear seatback, or in any other suitable location. 

10079] Various modifications may be made to provide even further improved sound 
for passengers in the back seat area. For example, a similar parr of closely spaced speakers 
to those placed in the front console or area can also be placed in the rear of the 
automobile, for example, atop the rear seatback on or in the rear parcel shelf, or at the 
back structure of the center island or console^rmrest between the driver and passenger 
seats. The same signals that arc used to feed the front pair of closely spaced speakers can 
30 be used to feed the rear pair of dosely spaced speakers. If desired, a speaker enclosure 

•«89S6 - 22 - 
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201, such as shown in FIGS. 2A - 2C, containing the pair of closely spaced spt,akers may 
be placed In the rear of the vehicle to house these rear speakers. 

(0080] FIG. 9A is a simplified top view of an automobile 900 illustrating an example 
of placement of a pair of closely spaced speakers 905 (whether or not in a speaker 
enclosure) in the front section of the automobile 900 (e.g., in the front console or the front 
dash), with the addition of two door-mounted speakers 907, 908 for, e.g., providing added 
bass or low frequency audio components. FIG. 9B illustrates an example similar to FIG. 
9A, but adding a pair of closely spaced speakers 930 (whether or not in a speaker 
enclosure) in the rear of the automobile 920. FIG. 9C illustrates an example of placement 
of speakers in a large vehicle such a limousine, with separate driver and passenger 
compartments, in the driver compartment 941, the layout is similar to FIG. 9A, with a pair 
of dosely spaced speakers 945 in the front area (e.g., console, dash, or the like) of the 
vehicle 940, and pair of door-mounted left and right speakers 947, 948. in the passenger 
compartment 942, the layout is similar to FIG. 9B, with two pairs of closely spaced 
speakers 955, 960, one in the front area and one in the rear area of the passenger 
compartment 942, with a pair of right and left door-mounted speakers 957, 958 also. Of 
course, in any of these examples, any number of additional speakers and audio 
components may be added based upon individual need and preference, subject to spatial 
limitations of the vehicle, cost, etc. 
20 [00811 In certain applications, it may be desirable to provide surround sound or 
other multichannel capability in a vehicular automotive system, in conjunction with the 
closely spaced speaker arrangement described previously herein. For example, a van or 
other large vehicle may have a DVD system which allows digital audio-visual media to be 
presented to the passengers of the vehicle, with the sound potentially being played Ihrough 
25 the vehicle audio system. In other cases, it may be desirable to allow for extreme rlijht and 
left directional sound, which may originate by the existence of left and right surround 
channels on the recorded medium, or simply by the presence of an extreme and 
intentional disparity in the relative volumes of the left and right channel. 
100821 A block diagram illustrating an example of an automobile sound system 
1100 for providing potentially improved extreme right/left, sound, in connection with the 
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pair of closely spaced center speakers 1114, 1115, is illustrated in FIG. 11. The system 
1100 shown therein operates much as described with the FIG. 1 sound system 100 with 
respect to the closely spaced center speakers 1114, 1115, producing the illusion of a 
widened stereo sound image for the occupants of the vehicle. In addition, the sound 
5 system 1 100 illustrates the feed of left and right audio signals 1102, 1 1 03 to left and right 
door-mounted speakers 1124, 1125, optionally through low pass filters 1151, 1182, 
respectively, to emphasize the bass tones (although the output of door-mounted speakers 
1 124, 1 125 need not be limited to bass tones but could be, e.g., full range, and/or may be 
supplemented with additional left and right speakers). 
10 [0083] To reinforce the Impression of extreme left/right sound images, sonte portion 
of the left and right audio signals 1 102, 1 103 may be judiciously mixed into the left and 
right door-mounted speakers 1 124, 1 125 (or other left and right speakers if provided), with 
appropriate delays and/or level shifting, if desired, based upon the vehicle chanicteristics 
and design preferences. For example, some portion of the left and right audio signals 
15 1102, 1103 (dictated by, e.g., a linear or non-linear ftjnction of the left and rig;ht signal 
strengths and/or their ratio or diff^eience) may be mixed in to each of the signals fed into the 
left and right door mounted speakers 1124, 1125 (or other left and right speakeis if 
provided). The left and right audio signals 1 102, 1 103 may be provided to an enhanced 
sound processor 1107 which includes bodi a center speaker sound processor 1 108 and a 
20 side speaker sound processor 1109. The center speaker sound processor 1108 may 
generally operate according to various principles described elsewhere herein with respect 
to the generation of modified left and right audio signals 11 32, 1133 fed to closely spaced 
center speakers 1 1 14, 1 1 15. The side speaker sound processor 1 109 also receive*, the left 
and right audio signals 1102, 1103 and applies processing to reinforce the impression of 
25 extreme left/right sound images, based upon the content of the left and right audic. signals 
1102, 1103 indicative of extreme left or right sounds in the audio source material. The 
side speaker sound processor 1109 may also take account of or utilize signal information 
generated by the center speaker sound processor 1 108. The side speaker sound processor 
1109 injects extreme left/right audio reinforcement signals 1186, 1187 into the left and 
30 right audio channels, respectively, as conceptually Illustrated in FIG. 1 1 through summing 
•48M6e > 24 - 
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blocks 1188, 1189. An extreme left or right sound inrrage can thereby be successfully 
reproduced in the left or right door-mounted speakers 1124, 1125 or other left or right 
speakers in the system. 

[0084] Similar techniques for producing extreme lefVright sound images may be 
5 applied to any of the other various embodiments described herein as well. 

[0085] Another embodiment, directed to a surround or multi-channel sound system 
800 as may be utilized in a vehicle, is illustrated in block form in FIG, 8. As shown 
therein, the sound system 800 may include an audio signal source 805 which provides a 
source for left and right audio channels 802, 803, which are fed to a sound processor 808 
10 which functions in a manner similar to sound processor 108 shown in FIG. 1, or various 
other sound processor embodiments described herein with respect to closely spaced 
lefl/right central speakers. The left and right audio signals 802, 803 may, in the present 
example, comprise front left and front right audio signals of a surround sound formatted 
medium. A center audio signal of the surround sound formatted medium may be mixed 
15 into the signals 832, 833 provided to the closely spaced speakers 814, 815, and may also 
be provided to additional center speakers 817 (e.g., tweeters), if provided. Tlie closely 
spaced speakers 814, 815 and additional speakers 817 may be embodied and arranged, for 
example, in the form of the speaker enclosure and arrangement illustrated in FIIjS. 2A - 
2C. A surround left and surround right audio channel 871, 872 may be fed into surround 
20 left and right speakers 824, 825, which may be dipolar or monopolar in nature. The 
surround left and right speakers 824, 825 may be generally used to provide ambient sound. 
When the surround left and right audio channels 871, 872 are monaural in nature, 
adaptive decorrelation may be employed, as well understood in the art, to enhance the 
sense of ambience. 

25 [0086] Left and right speakers 834, 835, which may be, e.g., door-fnounted 

speakers, may be directly fed the left and right audio channels 802, 803, or else may be fed 
only the bass/low frequency tones, possibly mixed with extreme right or left sound 
components, such as described previously with respect to the sound system of FIG. 11. 
[0087] In addition, the sound system 800 of FIG. 8 may further be provided with an 

30 additional pair of closely spaced speakers {not shown) located at the rear of the vehicle. 
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The additional pair of closely spaced speakers may be fed the same processed left and right 
audio channel signals 832, 833 as provided to the front closely spaced speakers 814, 815, 
or may be fed similarly processed signals derived from the surround left and right audio 
channel signals 871, 872, or alternatively, surround back left and back right audio channel 
5 signals (not shown), if the audio product is encoded in a 7.1 surround or similar multi- 
chajinel format. 

[0088] FIG. 13 is a diagram of a surround or multi-channel sound system 1300 
similar to the sound system 800 shown in FIG. 8, but illustrating the presence of a pair 
(right and left) of closely spaced surround back speakers 1 394, 1395. In the embodiment 
10 shown in FIG. 13, a rear surround processor 1398 receives as inputs two surround back 
channels 1392, 1393 provided from the audio signal source 1305. The rear surround 
processor 1398 preferably provides sound processing to the two surround back channels 
1392, 1393 for the closely spaced rear surround speakers 1394, 1395 in a manner similar 
to that for the closely spaced front right/ left speakers 1314, 1315, using any of the sound 
15 processing techniques described herein for closely spaced speakers. The sound processing 
for tJie surround back speakers 1394, 1395 need not be identical to that of ths closely 
spaced front right/left speakers 1314, 1315, but may differ in temis of spectral v^eighting, 
gain, etc., to account for the fact that the surround back speakers 1314, 1315 may serve a 
different purpose to some degree than the front right/left speakers 1 314, 1 31 5. 
20 10089] The content of the sunround back channels 1392, 1393 may depend upon 
the format of the encoded audio product. In 5.1 surround fomiat, for exan-iple, the 
surround back channels 1392, 1393 may be the same as the right and left !iun-ound 
channels 1371, 1372. In 6.1 surround format, the sunx)und back channels 1392, 1393 
may he the same as the right and left sunound channels 1371, 1372, added or mi)ied with 
25 the single surround back channel. In 7.1 sun-ound fomiat, the surround back channels 
1392, 1393 are preferably the independent left and right surround back channels €!ncoded 
in the audio product. 

[00901 The mounting structure for the closely spaced speakers may take any of a 
wide variety of forms. In general, any mounting structure that provides adequate support 
30 for the closely spaced speakers {and possibly other components, including additional 

1489966 - 26 - 



PAGE 33/83 * RCVD AT 8/25/2006 1 1:15:36 PM [Eastern Dayllgtlt Time] * SVR:USPTO-EFXRF.2/8 * DNIS:273830C * CSID:310 203 7190 * DURATION <mm-SS):26-46 



08/25/2006 20:28 FAX 310 203 7199 IRELL & MANELLA 



S1034 



PATENT 
157835-0027 

speakers, discrete electrical components, and/or printed circuit board(s)) and which fomis a 
relatively narrow or constrained orifice for sound output from the closely spaced speakers 
may be utilized in the various embodiments as described herein. FIG. 23A, for <!xample, is 
a diagram of a speaker mounting structure as may, for example, be used in conmiction with 
5 the speaker enclosure 200 illustrated in FIGS. 2A-2D, or else in other arrangements. In 
FIG. 23A, speakers 214' and 215' (which are generally analogous to speakers 214 and 215 
Illustrated in FIG. 2A) are mounted on a baffle comprising a speaker mounting plate 239 
which, in this example, forms a top surface of sound ducts or channels associated with 
speakers 214' and 21 5', respectively. Along with the speaker mounting plate 239, a sound 
10 reflecting plate 238', side plates 230', an optional center divider 216', and a back plate (not 
shown) generally define the sound ducts or channels which output sound from :,\ots 219a 
and 219b. The baffle (speaker mounting plate 239) serves to reduce interferencij between 
sound radiated from the front and rear of the speakers 214', 215'.. As indicated previously, 
with respect to, e.g., FIG. 2B, compressed or expanded foam, or other sounc -damping 
15 material, may be placed within portions of the sound ducts to help guide the sound output 
in the desired direction while reducing undesirable artifacts and acoustic interference. 
[0091] In certain applications, it is preferred that the other interior surfaces of top 

plate 239, bottom plate 238' or side plates 230' are constructed of a rigid and substantially 
non-resonant material such as molded or high-impact plastic, pressed steel, aluminum, 
20 ceramics, and the like, or composite materials such as mica- or glass-reinforced plastic. 
The lop plate 239, bottom plate 238' and side plates 230' are preferably thin to minimize 
the space needed for the speaker unit assembly 2300. Likewise, the center dividcT 216', if 
provide, may also be constructed of a rigid and substantially norv-resonant material. 
[0092] The rigid and substantially non-resonant interior surfaces of the sound ducts 
25 or channels are helpful in propagating the acoustic waves generated by speakers 2 1 4', 21 5' 
through the ducts or channels and out of output slots 219a and 219b while mirtimizing 
losses due to absorption, but may also in some cases cause undesirable interference, 
cancellation, standing waves, or acoustic artifacts. The embodiment illustrated in ITG. 19A 
is designed in one aspect to mitigate these potential problems. FIG. 19A is a cuta way top 
30 view diagram of a speaker mounting structure, similar in certain respects to FIG. 2B. As 
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shown in FIG. 19A, sound-damping material 1912 is extended to the front 1 932 of the 
speaker mounting structure 1901, thereby fomiing sound ducts 1959, 1960 associated with 
each of the two speakers 1 914, 1 91 5. 

100931 FIG. 19B shows the generaf dimensions of sound duct 1959 or 1960, with 

portions of the speaker mounting plate 1939 and sound reflecting plate 1938 defining two 
surfaces of the sound duct 1959 or 1960, and two sides 1961, 1962 of the sound duct 
1959 or 1960 being defined by the edge of the sountkiamping material 1912 -ishown in 
FIG. 19A). An opening in the speaker mounting plate 1939 (i.e., baffle) pemiits placement 
of the speaker 1914 or 1915 thereon. In one aspect, the sound duct 1959 or 1960 
effectively "turns' the sound output by the speaker 1914 or 1915 by 90° (in this .ixample), 
so that the sound is carried to the output slot and released while retaining a suffidem 
degree of sound quality, and, similar to a number of other embodiments described herein, 
modifies the effective shape of the speaker output from an elliptical or circular radiator to a' 
rectangular radiator. In addition, the total radiating surface area can be advantageously 
reduced, as compared to the radiating surface area of the speakers themselves, mimmizing 
the space needed in the vehicle dash or other locations of the vehicle or other 
environment. Moreover, the aspect ratio^ of the output slot can be adjusted or ta lored to 
modify the directional characteristic of thte acoustic output in order to, for example, make 
the sound image broader along a particular axis, thus improving sound quality al off-axis 
20 listening positions. 

[0094J The sound duct(s) 1959, 1^60 may, in alternative embodiments, be slightly 
or moderately ascending or descending, 6r else the passage or duct may be semi-curved, 
such that the direction of the sound output is modified. Also, in various embodiments, the 
output slot may flare outwards or else may have other variations in size, shape (e.g., may 
25 be ovoid), and uniformity. 

[009S1 As illustrated in FIGS. 19A a^d 19B, the sound ducts 1959, i960 may be of 

substantially the same width as the cones bf the speakers 1914, 1915, and may pn)vide a 
superior mechanism for transporting the jacoustical output of the speaker 1914.. 1915 
through the output slots 1919, 1920, re^peaively, as compared, for example, with a 
rectangular duct having only hard and reflective surfaces. Variations in the size and shape 
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Of the sound ducts 1959, 1960, as noted above, may be made while still achievhg superior 
or at least acceptable sound output quality. 

[00961 Like the central partition 216 (FIGS. 2A- 2Q or 216' (FIG, 23A), the central 

strip or section 1913 of the sounddamping material 1912 may help prevent interference 
5 betM^n the acoustic output of the left and right speakers 1914, 1915, provided that the 
soundKiamping material 1912 in the central strip or section 1913 is dense onough to 
effectively isolate the sound duds 1959, 1960 from one another. The central strip of 
section 1913 of the sound^iamping material 1912 may further provide the ad>'antage of 
eliminating or lessening the severity of standing waves that could, in certain embodiments, 
10 develop due to the particular shape or nature of the sound ducts 1919, 1920, and the 
presence of a more sound-reflective central partition. The soundndamping material 1912 
preferably has sufficient acoustic absorption so as to reduce or eliminate the possible 
buildup of standing waves. By eliminating a more reflective central partition (su<:h as 216 
in FIGS. 2A.2C or 216' in FIG. 23B) and replacing it with a central strip or section 1913 of 
1 5 sound<lamping material 1 91 2, the effective width of the central strip or section 1 91 3 can 
be effectively doubled (as compared to simply adding sounddamping material to either 
Side of the central partition 216 or 216'), thus potentially improving its ability to ccmnteract 
the buildup of standing waves. Moreover, the souncWamping material 1912 in ifc entirety 
preferably helps minimize the variation of sound output response with respect to frequency 
20 so that the output oT speakers 1914, 1915 can be readily equalized by, e.g., any ritandard 
techniques, including analog or digital equalization. For example, cascaded filter sections 
may be employed to tailor the frequency response of the speakers 1914, 1915 in discrete 
frequency bands so as to provide a relatively unifomi overall frequency response. 
[0097] FIG. 23B illustrates one particular embodiment of a speaker mounting 
25 structure in accordance with certain principtes described with respect to FIGS. 19A and 
198. As illustrated in FIG. 23B, speakers 1914, 1915 may be disposed on a baffle 
comprising speaker mounting plate 1939 (which is a top plate in this example). A. sound 
reflecting plate 1938 (the bottom plate in this example) is positioned in a generally |»railel 
orientation with respect to the speaker mounting plate 1939, and is separated theref-om by 
a layer of sound^Jamping material 1912 such as compressed foam. Rigid side panels 
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1930, or alternatively struts or other rigid members along the sidewati regioni and/or, if 
desired, within the sound-damping material 1912, may optionally be pn^vided for 
mechanical support. The front of speaker mounting structure illustrated in FIG. 23B may 
be compared against that shown in FIG. 23A, which does not show sound-damping 
5 nnaterial extending substantially to the front of output slots 21 9a, 2igb. 

[00981 A speaker system in accordance with principles and concepts as disclosed 
herein may include more than two speakers. Various embodiments, for example, utilize 
multiple speakers in each of the left and right channels, with the multiple speake rs in each 
channel outputting sound through a common sound duct or channel and out an orifice 
10 (such as an aperture or sloO. Examples of such embodiments are illustrated in FIGS. 1 7A- 
17C, 20, and 22. In the embodiment shown in FIGS. 17A and 17B, multiple {t(vo in this 
example) speakers 1714a, 1714b are disposed in series along a sound duct 1759 on one 
side of the speaker mounting structure 1701, and, likewise, multiple (two in this example) 
speakers 1 71 Sa, 1 71 5b are disposed in series along a sound duct 1 760 on the other side of 
15 the speaker mounting structure 1701. In effect, each of the left and right audio channels 
has multiple speakers, which may provide advantages such as, for example, increased 
output capacity, dlffierent frequency ranges for different speakers, or other advantages. 
Similar to the embodiment illustrated In FIG. 19, sound-damping material 1712 such as 
compressed foam surrounds the rear contours of the speakers 1714a and 1715«i furthest 
20 from the output slots 1719, 1720, and extends to the front 1732 of the speaker mounting 
structure 1 701 so as to form left and right sound ducts 1 759, 1 760. The sound ducts 1 759, 
1760 are preferably (but not necessarily) of substantially uniform width, generally matching 
the width of speakers 1714a, 1714b and 1715a, 1715b. The speakers 1714a, 1714b, 
1715a, 1715b may be of identical size and audio characteristics, or else, in aliemative 
25 embodiments, may be of different sizes, shapes, and/or audio characteristics. 

I0O99I FIG. 17B illustrates a cutaway side view of the speaker mourning structure 
1701 shown in FIG. 17A, with speakers 1714a (or 1715a) and 1714b (or 1715b) sliown in 
side profile. The speakers 1714a, 1714b, 17lSa, 1715b are mounted upon .i baffle 
comprising a speaker mounting surface 1739. The speaker mounting surface 173'J and a 
30 sound reflecting surface 1 738, which are preferably rigid and substantially non-rescnant in 
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nature, define sound ducts 1759, 1760 and allow propagation of the acoustic output of 
speakers 1714a, 1714b, 1715a, 1715b through output slots 1719, 1720. The shape of the 
sound-damping material 1 712, generally In this example following the rear contours of the 
furthest speakers 1714a, 1715a from the output slots 1719, 1720, tends to improve the 
5 quality of the output sound by preventing expansion of the sound waves in ii rearward 
direction, and thereby reducing potential interference or other undesirable acoustic effects. 
While FIG. 178 shows an enclosure sun-ounding speakers 1714a, 1714b, 171i?a, 1715b, 
such an enclosure is not necessary and can be omitted- 

[01001 In some situations, depending in part upon the size and shape of the sound 
10 ducts 1759, 1760 and the nature of the audio material, it may be possible for standing 
waves to develop within the sound ducts 1 759, 1 760 which adversely impaa the quality of 
the audio output. The particular dimensions of the sound ducts 1759, 1760 and length, 
width, and/or thickness of the sound-damping material 1712 can be optimized by 
experimentation in order to yield the optimal sound quality for a given type ol speakers 
15 1 714a, 1 714b, 1 71 5a, 1 71 5b, a given audio track or type of audio material, compositions 
or materials used to form the speaker mounting structure (such as those used to form the 
rigid interior surfaces and/or the sound-damping material), and so on, by eliminating cross- 
modes and lengthwise modes associated with standing waves in the sound ducts 1759, 
1760. 

20 10101] FIG. 17C illustrates an example of preferred dimensions for th<j sound- 
damping material 1712' where four speakers 1714a', 1714b', 1715a', and 171 5b' are used 
in speaker assembly of the type generally illustrated in FIG. 17A. As shown in FIG. 17C, 
the amount of sound-damping material 1 71 2' that is placed to either side of a sound duct 
1759' or 1760' may be approximately W/8, where W represents the outcir width 

25 boundaries of the sound-damping material 1 71 2' for a given channel. With two channels, 
the sound-damping material 1712' may bf combined in the center portion betvt'een the 
two sound ducts 1759', 1760', yielding a collective width of approximately W/4, as 
illustrated in FIG. 17C. Similariy, the amount of sounddamping material 1712' that is 
placed at the rear of each sound duct 1 759', 1 760* may be approximately 1/5 to lAi, where 

30 L represents the outer length boundaries of the sound-damping material 1712' for a given 
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channel (assuming the sound-damping material 1712' extends to the edge of slots 1719', 
1720'). 

[0102] The particular dimensions illustrated in FIG. 1 7C are simply repre!«ntative of 
one example. In practice, it may be expected that good results with respect to sound 
5 quality may be obtained over ranges of different widths of sound-damping material 1 712' 
placed to either side of a sourtd duct 1 759' or 1 760' and to the rear of the furthi>r speakers 
1714a', 1714b' from the slots 1719', 1720'. Moreover, similar parameters may be applied, 
as appropriate, to embodiments having a single row of speakers such as the one shown in, 
e.g., FIG. 19A. 

10 [01031 Returning to FIGS. 17A and 17B, the thickness of the sound-damping 

material 1712 is preferably sufficient to fill the volume (except for the sound ducts) 
between the surface nraunting plate 1739 and sound reflecting plate 1738 wiihout gaps 
that might cause cross-mode interference or the creation of sound artifacts, and thus may 
generally be dictated by the distance of separation of the surface mounting plate 1739 and 

15 the sound reflecting plate 1738. Typically, the thickness of the sound-dampin;? material 
1712 might be in the range of, e.g., !^ to 1* thick, although the thickness may vary 
depending upon the size and shape of the relevant portions of the speaker mounting 
stmcture 1701. 

[0104] While the size and shape of the sound ducts 1759, 1760 and output slots 
20 1719, 1720 may vary depending upon the particular design preferences for the vehicle 
sound system, there may be physical or practical limitations to how nanrow the sound 
duels 1 759, 1 760 or output slots 1 71 9, 1 720 may be made. Narrowing of the sound ducts 
1 759, 1 760 or output slots 1 719, 1 720 may decrease the efficiency of the speakers (which 
may be compensated by larger speakers and/or increased drive power), and nray cause 
25 audible noise from turbulence. Therefore, the narrowness of the sound duct or slot size 
may be limited by, among other things, impedance losses that cannot be made up by 
increased drive povy^r and the onset of sound artifacts or noise caused by turbulence or 
nonlinear airflow. 
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I010S] While the embodiment illustrated in FIGS. 17A-17C shows two speakers in 
series for each channel the same principles may be extended to any number of speakers in 
series In each speaker channel. 

[0106] FIG. 20 is a cutaway top-view diagram of another speaker arrangement 

5 similar to FIG. 1 7A but adding an additional speaker. The layout of the speaker mounting 
structure 2001 shown in FIG. 20 is similar to that of FIG. 1 7A, with "rear* speakers 2014a, 
201 Sa and ''front^ speakers 2014b, 201 5b placed over left and right sound ducts 2059 and 
2060 as illustrated. An additional speaker 201 7, such as, e.g., a domed tweetcir, is added 
between the left and right sound ducts 2059, 2060, and the sound-damping material 2012 

10 (e.g., compressed or expanded foam) is preferably formed so as to define a central sound 
duct 2061, which in this example Is relatively short. In the case where the additional 
speaker 2017 is a tweeter or else handles significant high frequency signal con^ ponents, it 
is generally desirable to place the speaker 201 7 as near to the output slot 2021 cis possible. 
The additional speaker 2017 may have a relatively narrow output slot 2021, for example, 

IS 6-B millimeters in height Where available space is a concern, or where it is desired to 
achieve certain specific dimensions of sound-damping material surrounding the left and 
right sound ducts 2059, 2060, the sound ducts 2059, 2060 may be tapered slightly towards 
the sound output slots 2019, 2020 in order to accommodate the central sound "duct 2061. 
In alternative embodiments, the sound ducts 2059, 2060 may not be tapered. The central 

20 sound duct 2061 may flare outwards as it extends towards the central output slot 2021 so 
as to provide a relatively broad directional characteristic. 

[0107] One potential advantage of using speaker output slots 2019, 2020, and 2021 

(and similar configurations in other embodiments disclosed herein), is that the effective 
radiation sources of the speakers can be brought closer together, leading to a cleaner, 

25 smoother sound image both on and off axis, and reducing the potential for destructive 
interference or other undesirable sound distortion due to perceptible time dela>s between 
the left and right acoustic output. Moreover, in certain embodiments, the f^rceptible 
sound output may be stable and not fall off at relevant frequencies regardless of the 
listener's relative position along the narrower axis of the slot(5) 2019, 2020 and 2021 (or at 

30 least not until approximately 90 degrees off angle), such that the speaker system provides 
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uniform and wide coverage of substantially all the listening area in a near omnidirectional 
manner. 

[0108] FIG. 21 is an oblique view diagram in general accordance with the speaker 

arrangement of FIG. 20, illustrating one possible embodiment of a speaker mounting 
5 structure associated therewith. As shown in FIG. 21/ a baffle comprising a speaker 
mounting plate 2139 may define several openings for placement of various tl^ speakers 
2114a, 2114b, 2115a, 2115b (and optionally 2117). The speaker mounting plate 2139 
may be physically attached to a sound reflecting plate 2138 by multiple struts 2185 placed 
at, e.g., the corners and/or along the sides of each of the speaker mounting plate 2139 and 

10. the sound reflecting plate 2138. Advantageously, a compressable sound-damping material 
2112, such as foam, may be placed between the speaker mounting plate 21.39 and the 
sound reflecting plate 2138 and compressed therebetween. To facilitate compression of 
Ihe sound-damping material 2112, the struts 2185 may take the form of threaded bolts 
which may be screwed into threaded holes (not shown) aligned in the speaker mounting 

15 plate 2139 and sound reflecting plate 2138. Tightening the threaded bolts has the effect of 
compressing the sound<lamping material 2112. As previously described, the sound- 
damping material 2112 may be used to form sound duas for the speakers 21 14a, 21 14b, 
2115a, 2115b, 2117 which terminate in sound output slots 2119, 2120, and 2121 as 
shown. A similar technique for constructing a speaker mounting structure may be applied 

20 to the various other embodiments described herein, including for example, thos«: illustrated 
in FIGS. 2A-2B and 1 7A-1 7C, or others. 

I0109J FIG. 22 is an assembly diagram of a speaker unit 2201 utilizin|' a general 

speaker arrangement such as shown in FIG. 20. As illustrated in FIG. 22, the speaker unit 
2201 includes a baffle comprising a speaker mounting stmcture 2288 which has several 

25 openings for placement of speakers 2214, 2215 (and optionally 2217). In thi;; particular 
example, the speaker mounting structure 2288 has a speaker mounting plate around the 
peripheiy of which are walls surrounding the speakers 2214, 2215, 2217, but such walls 
may not be necessary or desired in other embodiments. A sound reflecting plate 2287 is 
configured to generally match the bottom dimensions of the speaker mounting structure 

3D 2288. Sound-damping material 2212, 2213 may be preformed in one or mora pieces to 
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define sound ducts for the various speakers 2214, 2215, 2217, and is preferably 
compressed or expanded between sound reflecting plate 2287 and the speaker mounting 
enclosure 2288. In this particular example, a speaker enclosure ceiling 2283 is adapted for 
placement atop the speaker mounting struaure 2288, thereby forming a speaker enclosure. 
5 The speaker enclosure ceiling 2283 may have multiple holes through which, e.ij., threaded 
bolts may be inserted for ultimate securing to the sound reflecting plate 2287, which may 
have threaded holes in matching alignment with the holes in the speaker enclosure ceiling 
2283. As previously described, tightening of the threaded bolts may adwintageously 
provide compression of the sound-damping material 2212, 2213. 

10 [0110] With the speaker unit 2201 of FIG. 22, or with other embodiments described 

herein, it may be desirable to package one or more speakers, sound processing electronics 
or components for the speakers, and, if desired, other electronics (such as a receiver^ 
ampHfiers, onboard computer, etc.) in a single discrete unit that may be conveniently 
installed in a vehicle as, e.g., a substitute for a vehicle's existing In-dash stereo unit. FIG. 

15 24 is a diagram showing an example of a stereo unit 2400 adapted for convenient 
insrallation in a vehicle. In the example of FIG. 24, the stereo unit 2400 includes an 
enclosure 2401 housing two or more internal speakers (not shown) which radiate sound 
via output slots 2419 and 2420 (illustrated with speaker grills which may be added for 
. aesthetic purposes). Internally, the stereo unit 2400 may contain, e.g., two speakers with 

20 foam-surrounded sound ducts similar to the arrangement illustrated in FIG. 19A and/or 
238. On any available space of a front panel 2439 of the stereo unit 2400 may l)e placed a 
display 2481 and various controls, buttons and/or knobs 2482 and 2483 which may be 
found on conventional in-dash stereo units. In addition to the speakers, the stereo unit 

2400 may contain electronics such as a receiver, amplifiers), equalizers, sound processing 
25 components, etc., to provide the functionality of an in-dash stereo unit. The enclosure 

2401 of the stereo unit may be of appropriate dimension to fit within a standard (single or 
double) DIN slot or other similar or analogous space, to allow convenient substitution of a 
vehicle's existing stereo unit. The stereo unit 2400 may also have variouj. electrical 
connections or ports (not shown) to allow electrical connection to external speakers or 

30 other electronic components in the vehicle. 
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[0111] It should be emphasized that, while various embodiments have been 
illustrated in the drawings with the spealcers positioned or mounted on the app^irent ''top" 
of the speaker mounting assembly or speaker enclosure, the speaker mountinj; assembly 
may be placed in any desired orientation. Thus, where terms such as "top" and ^bottom" 
5 or •left" and 'right^ are used herein, they are not meant to convey absolute orientation but 
rather relative orientation with respect to a reference frame that may be rotated or 
otherwise manipulated. The speaker mounting assembly may be placed in any suitable 
orientation such that, for example, the sound output slots are vertical rcither than 
horizontal, or the speaker mounting surface Is below the sound reflecting surface. 

10 [0112J Where speakers are placed in series such as shown, for exampJe, in the 

embodiments illustrated in FIGS. 17A-17C, 20, and 21, interference between this speakers 
may occur due to the fact that the "front" speakers (e.g., 1 714b, 1 715b) are closer to their 
respective output slots (e.g., 1719, 1720) than the ''rear" speakers (e.g., 1714a, 1 715a). As 
a result, sound from the rear speakers takes longer to propagate down the sound . duct and 

1 5 emanate out of the output slot than with the front speakers. Because the acoustic output 
from the front and rear speakers are delayed relative to one another, the sound waves can 
interfere and lead to destructive cancellation of as much as 10 dB or possibly more, or 
other anomalies. In order to prevent the 'delayed* output from the rear speakers causing 
destructive interference with the output from the front speakers or other undesirable effects, 

20 it may be desirable to add a delay to the drive signal feeding the front speakers, such that 
the sound output is synchronized relative to the output slot. In addition to delaying the 
signal to the forward speakers 1714b, 1715b, the power level for the rearward speakers 
1 714a, 1 715a may be increased. 

[0113] FIG. 18 is a simplified diagram of a circuit 1800 that may be used in, e.g., 

25 the speaker arrangements of FIGS. 17A-17C or FIG. 20, wherein delays are used to 
synchronize sound output between the front and rear speakers relative to the output slots. 
As shown in FIG. IB, left and right channel audio signals 181 1, 1812 are fed into a sound 
processor 1810, as described before with respect to, e.g., FIG. 3, and modifiec left and 
right channel audio signals 1848, 1849 are generated. The left channel audio signal 1848 
30 is applied to the ''rear' left speaker 1814a (via driver 1891) and, though a delay 1881, to 
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the ''fronr left speaker 1814b (via driver 1892). Similarly, the right channel audio signal 
1849 rs applied to the 'rear^ right speaker 1815a (via driver 1893) and, through a delay 
182, to the 'front* right speaker 1815b (via driver 1984). If a tweeter 1817 (or other 
additional speaker) is provided, then the appropriate audio signal 1847 may be provided to 
5 the tweeter 1817 through a delay 1883 and driver 1695. The delays 1881, 1682, and 
1883 may be derived from the distance between each front speaker 1814b, 18 )5b and its 
respective rear speaker 1814a, 1815a, given the known velocity of sound travel. For 
example, assuming the left and right diannels are symmetrical in layout, the de lays 1881, 
1882 are preferably based upon the center-to-center distance of the rear speaker 1814a, 

10 1815a to the front speaker 1814b, 1815b, divided by the velocity of 50und.(about 1116 
feet per second). Analogously, the delay 1883 for the tweeter 1817 is prefenibly based 
upon the center-to-center distance of the tweeter 1817 to the front speakers 1814b, 1815b 
along the lengthwise axis of the sound ducts. The delays 1 881, 1882, 1883 mciy take the 
form of any suitable electronic circuitry (either active or passive), and preferably have no 

1 5 impact on the content of the audio signals 1 847, 1 848, 1 849, at least over the fiequencres 
being audially reproduced by the speakers. 

[0114] While the example illustrated in FIG. 18 shows a particular system 
configuration, it will be appreciated that other variations may be made as v^ll drawing 
upon similar principles. For example, rather than having five drivers 1891 - 1895, one for 
20 each speaker 1814a, 1814b, 1815a, 1815b, and 1817, fewer drivers (e.g., three:) or more 
may be used, with, for example, a single driver being shared by two speakers (e.g., 1814a 
and 1814b). 

[0115] In one aspect, an automotive sound system is provided which encompasses a 

combination of speaker configuration, speaker placement, and sound processing to reduce 

25 or minimize the undesired sonic effects of the inevitable asymmetries between tho listeners 
and speaker positions in a car or similar vehicle, and to provide more uniform sound for all 
the occupants. A pair of speakers, or two (or more) rows of speakers, are preferably placed 
close together and located in the front of the console or dashboard with their {^metric 
center on, or as near as possible to, the central axis of symmetry of the vehicle. A sound 

30 processor acts to "spread'' the sound image produced by the two closely spaced speakers 
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by employing a cross-cancellation technique in wtiich the cancellation signal is preferably 
derived from the difference between the left and right channels. The resulting; difference 
signal is scaled, delayed (if necessary), and spearally modified before being added to the 
left channel and, in opposite polarity, to the right channel. The pair of speak<srs may be 
5 placed on a common mounting surface, and/or in a common housing enclosure having a 
slot for allowing sound to emanate. Additional bass speakers may be added (in the doors, 
for example) to enhance bass sound reproduction. 

[0116] In various embodiments as described herein, improved sound qucility results 

from creation of a sound image that has stability over a larger area than would otlierwise be 
10 experienced with, e.g., speakers spaced far apart without comparable sound processing. 
Consequently, the audio product can be enjoyed with optimal or improved sound over a 
larger area, and by more listeners who are able to experience improved sound quality even 
when positioned elsewhere than the center of the speaker arrangement. Thus, for example, 
an automobile or vehicular sound system may be capable of providing quality sound to a 

15 greater number of listeners, not all of whom need to be positioned in the center of the 
speaker arrangement in order to enjoy the rendition of the particular audio product. 
[0117] It will be appreciated that a drive unit or speaker system having sound 

radiated through a slot or aperture can be useful with a single channel or speak<3r, as well 
as with multiple channels or speakers, even apart from the use of signal processing to, e.g., 

20 modify or improve the sound output of two closely spaced centrally located speakers. For 
example, one or more speakers may be located in a central slotted speaker enclosure or 
arrangement with or without added signal processing to produce a widened sot nd image 
or similar effects. Similarly, one or more speakers may be located in a slotted speaker 
enclosure or arrangement on the left and/or right sides of the vehicle, or in other locations 

25 (along the central axis or otherwise), in order to provide speaker outputs having a 
minimized output profile or minimized radiating surface area. For example, using the 
audio sound system 800 as an example, any or all of left or right speakers 824, 825, 834 
and 834 may be individually placed within an interior structure of the vehicle {such as a 
console, side or ceiling structure, door, etc.) such that the speaker's sound is carried via a 

30 sound duct through an output slot, similar to the arrangement illustrated in, e.g., FIG. 23A 
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or 23B (but with only a single speaker in this example instead of two speakers). A drive 
unit or speaker configured in such a manner may have improved visual appearance/ take 
up less surface area, and/or provide an improved directional characteristic (which can be 
particularly important if the speaker is located at other than ear level). 
5 [0118] In any of the foregoing embodiments, the audio product from which the 

various audio source signals are derived, before distribution to the various automobile 
speakers or other system components as described herein, may comprise any audio work 
of any natune, such as, for example, a musical piece, a soundtrack to an audio-visual work 
(such as a DVD or other digitally recorded medium), or any other source or cont€fit having 

10 an audio component. The audio product may be read from a recorded medium^ such as, 
e.g., a cassette, compact disc, CD-ROM, or DVD, or else may be received wircjiessly, in 
any available format/ from a broadcast or point-topoint transmission. The audio product 
preferably has at least left channel and right channel information (whether or not cincoded), 
but may also include additional channels and may, for example, be encoded in a surround 

15 sound or other multi-channel fomiat/ such as DoIby-AC3, DT5, DVD-Audio, etc. The 
audio product may also comprise digital files stored, temporarily or permanently, in any 
format used for audio playback/ such as, for example/ an MP3 format or a digital multi- 
media format 

I0119J The various embodiments described herein can be implemented using either 

20 digital or analog techniques, or any combination thereof. The term "circuit*' as used herein 
is n>eant broadly to encompass analog components, discrete digital components, 
microprocessor-based or digital signal processing (DSP), or any combination ther<jof. The 
invention is not to be limited by the particular manner in which the operatioris of the 
various sound processing embodiments are carried out. 
25 [0120] While examples have been provided herein of certain preferred or exemplary 
filter characteristics/ transfer functions^ and so on, it will be understood that the particular 
characteristics of any of the system components may vary depending on the particular 
implementation, speaker type, relative speaker spacing, environmental conditic>n5/ and 
other such factors. Therefore, any specific characteristics provided herein are meant to be 
30 illustrative and not limiting. Moreover, certain components, such as the spectral weighting 
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filter described herein with respect to various embodiments, may be programmable so as to 
allow tailoring to suit individual sound taste. 

[01211 The spectral weighting filter in the various embodiments described herein 
may piovide spectral weighting over a band smaller or larger than the 200 Hertz to 2 KHz 

5 band. If the selected frequency band for spectral weighting is too large, then saturation 
may occur or clipping may result, while if the selected frequency band is too small, then 
the spreading effect may be inadequate. Also, if crosi^ncellation is not mitigated at 
higher frequencies, as it is in the spectral weighting filters illustrated in certain 
embodiments herein, then a comb filter effect might result which will cause nulls at certain 

10 frequencies. Therefore, the spectral weighting frequency band, and the particular spectral 
weighting shape, is preferably selected to take account of the physical limitations of the 
speakers and electronic componenU, as well as the overall quality and effect of ti.e speaker 
output 

[01221 While certain system components are described as being "connected' to one 
15 another, il should be understood that such language encompasses any type of 
communication or transference of data, whether or not the components are actually 
physically connected to one another, or else whether intervening elements are present. It 
will be understood that various additional circuit or system components may be added 
without departing from teachings provided herein. 
20 101231 In some embodiments, the pair of closely spaced speakers may be forced to 
work harder than they would without cross-cancellation, because the cross-mi>:ing of left 
and right signals requires that the speakers reproduce out-of-phase sound «aves. To 
compensate for this effect, it may, for example, be desirable in some emb«iiments to 
increase the size of the amplifler(s) feeding the audio signals to the pair of closely spaced 
25 speaker. In any of the embodiments described herein, the speakers utilised in the 
aaiomobile sound system may be passive or active (i.e., with built-in or on-board 
amplification capability) in nature. The various audio channels may be individually 
arhplified, levekhifted, boosted, equalized, or otherwise conditioned appropriately for 
each indh^idual speaker or pair of speakers. 
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[01241 While preferred embodiments of the invention have been described herein, 
many variations are possible which remain within the concept and scope of the invention. 
Such variations would become clear to one of ordinary skill in the art after inspection of 
the spedfication and the drawings. The invention therefore is not to be restricted except 
5 within the spirit and scope of any appended claims. 
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CLAIMS 

What is claimed is: 



1 . A vehicle sound system, comprising: 
5 a pair of speakers in close proximity within a vehicle; and 

a sound processor receiving as inputs a left channel audio signal and a right channel 
audio signal from an audio soun:e, said sound processor configured to mix a spectrally 
weighted difference signal with said left channel audio signal and said right channel aud.o 
signal, and to output a resulting modified left channel audio signal and modified nght 
10 channel audio signal to said pair of speakers. 

2 The vehicle sound system of claim 1, wherein die modified left channel 
audio signal and modified right channel audio signal cause said pair of speakers to 
generate a widened sound image. 



3. The vehicle sound system of claim 1, wherein said pair of speakers 
comprises a left speaker and a right speaker. 

4 The vehicle sound system of claim 3, wherein said sound processor mixes 
said spectrally weighted difference signal with said left channel audio signal and said right 
channel audio signal by cross-canceling said spectrally weighted difference signal with said 
left channel audio signal and said right channel audio signal, respectively. 

5. The vehicle sound system of claim 3, wherein said left speaker and said right 
speaker are positioned substantially on or near a center axis of the vehicle. 

6. The vehicle sound system of claim 3, wherein said left speaker and said right 
speaker are located immediately adjacent to one another. 
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10 



7. The vehicle sound system of claim 1, wherein said pair of speakers are 
mounted on a common speaker mounting stnicturc. 

8 The vehicle sound system of claim 7, wherein said speaker mounting 
structure Is adapted for placement within the vehicle such that said pair of speakers are 
enclosed within an interior structuie of the vehicle, and wherein at least one scund duct 
cames sound from said pair of speakers to an orifice located on the interior structure of the 
vehicle. 

9. The vehicle sound system of claim 8, wherein said orifice comprises a slot 
oriented in a horizontal direction, wherein said at least one sound duct extends into the 
interior structure of the vehicle from said slot, is elongate, and approximately conforms to 
the height and width dimensions of said slot. 

15 10. The vehicle sound system of claim 9, wherein said pair of speakers are 

oriented such that their diaphragms face a reflecting surface of said at least one sound duct. 

11. The vehicle sound system of claim 10, wherein said pair of speakers are 
oriented such that their diaphragms ar« substantially parallel with the elongate length of 

20 said at least one sound duct. 

12. The vehicle sound system of claim 10, wherein said pair of speakers are both 
oriented either in a downwards or upwards direction. 

25 13. The vehicle sound system of claim 8, further comprising a sound-damping 

material residing within said at least one sound duct and opposite said orifice, wherein 
each of said pair of speaker comprises a speaker cone having a rear portion opposite said 
orifice, and wherein said sound^Jamping material ^nerally conforms to outer c:ontou« of 
the rear portions of the cones of said pair of speakers. 



30 
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14. The vehicle sound system of claim 8, whereia said at least one sound duct 
comprises two sound ducts, one sound duct for each of said pair of speakers. 

15 The vehicle sound system of claim 14, wherein said pair of speakers 
5 comprises a left speaker and a right speaker, the sound system further comprising a first 
addittonal left speaker in series along the same sound duct as the left speaker ard further 
removed from said orifice, and a second additional right speaker in series along the same 
sound dud as the right speaker and further removed from said orifice. 

10 16 The vehicle sound system of claim 15, wherein the modified left channel 

audio signal is applied to said left speaker with a first delay relative to said additional left 
speaker such that destructive interference between said left speaker and said additional left 
speaker is reduced, and wherein the modified right channel audio signal is appli-^d to said 
right speaker with a second delay relative to said additional right speaker such that 

15 destructive interierence between said right speaker and said additional right speaker .s 
reduced. 



17. 



The vehicle sound system of claim 16, wherein said left speaker and right 
speaker" are symmetrically positioned with respect to said orifice, wherein said additional 
20 left speaker and said additional right speaker are symmetrically positioned with respect to 
said orifice, and wherein first delay and said second delay are equal. 

18. The vehicle, sound system of claim 15, further comprising at least one 
additional speaker located in pnwimity to said pair of speakers. 

19. The vehicle sound system of claim 1 8, wherein said at least one additior«l 
speaker outputs sound through a portion of said orifice. 

20. The vehicle sound system of claim 18, wherein said at least one additional 
30 speaker is oriented directly towards the interior of the vehicle. 
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21. The vehicle sound system of claim 1, further comprising a pair of door- 
mounted left and right speakers receiving versions of said left channel audio signal and said 
right channel audio signal, respectively. 

5 

22. The vehicle sound system of claim 21, wherein the door-moiinted left 
speaker receives at least a portion of a difference between the left channel audio signal and 
the right channel audio signal, and wherein the door-mounted right speaker rtsceives at 
least a portion of a difference between the right channel audio signal and the leil channel 

10 audio signal. 

23. The vehicle sound system of claim 1, wherein said sound processor is 
configured to generate a difference signal representing a difference between said left 
channel audio signal and said right channel audio signal, apply a spectral weighting to said 

15 difference signal thereby generating a spectrally weighted signal, and aoss-cancel said 
spectrally weighted signal with said left channel audio signal and said right char,nel audio 
signal, thereby generating said modified left channel audio signal and modified right 
channel audio signal for said pair of speakers. 

20 24. A vehicle sound system, comprising: 

a left speaker and a right speaker located in close proximity; and 
a sound processor receiving as inputs a left channel audio signal and a riglU channel 
audio signal, said sound processor configured to cross-cancel a spectrally weighted stereo 
difference signal with said left channel audio signal and said right channel audio signal and 
25 to output a resulting modified left channel audio signal and modified right channel audio 
signal to said left speaker and said right speaker, respectively, thereby effectively widening 
a sound image produced by said left speaker and said right speaker. 

25. The vehicle sound system of claim 24, wherein said left speaker and said 
30 right speaker are positioned substantially on or near a center axis of a vehicle. 
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26. The vehicle sound system of claim 25, wherein said left speaker and said 
right speaker center-to-oenter separation Is less than one foot. 

27. The vehicle sound system of claim 24, wherein said left speaker and said 
right speaker are mounted on a common mounting surface. 



28. 



The vehicle sound system of claim 27, further comprising a sound reflecting 
surface'opposite said left speaker and said right speaker and collectively with at least said 
speaker mounting surface defining at least one sound duct temiinating in an orifice, such 
that acoustic output from said pair of speakers is emitted from the orifice after being carried 
through said at least one sound duct. 

29 The vehicle sound system of claim 28, wherein said orifice comprises a slot, 
and wherein said right speaker and said left speaker are oriented such that their acoustic 
output is emitted in a dirBCtion substantially peqjendicular to a lengthwise direction of sa.d 
at least one sound duct. 

30. The vehicle sound system of claim 29, wherein said pair of speakers are both 
20 oriented either in a downwards or upwards direction. 

31 . The vehicle sound system of claim 28, further comprising a soun^Wamping 
material .^siding within said at least one sound duct and opposite said orifia^; wherein 
each of said left speaker and right speaker comprises a speaker cone having a n«r portion 

25 located furthest from said orifice, and wherein said sound<famping material generally 
confom,s to outer contours of the rear portions of the cones of said left speaker and right 
Speaker. 
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32 The vehicle sound system of claim 28, wherein said at least one sound duct 
comprises two sound ducts, one sound duct for each of said left speaker and «aid right 
speaker. 

33. The vehicle sound system of claim 32, wherein said two sound ducts are 
separated by sound-damping material. 

34 The vehicle sound system of claim 28, further comprising a first additional 
left speaker in series along the same sound duct as the left speaker and further removed 
from said orifice, and a second additional right speaker in series along the same sound duct 
as the right speaker and further removed from said orifice. 



15 35. A method of sound reproduction for the interior of a vehicle, the method 

comprising the steps of: 

positioning a left speaker and a right speaker in close proximity within a vc^h.de; 

receiving a left channel audio signal and a right channel audio signal from an audio 
source, said left channel audio signal and right channel audio signal being stereo in nature; 

20 and . ♦ i ^ 

processing said left channel audio signal and said right channel audio s.gnal and 

gene-ating a modified left channel audio signal and modified right channel acdio signal 
thereby, such that applying said modified left channel audio signal and moclfied r.ght 
channel audio signal to said left speaker and right speaker, respectively, results in a 
25 widened sound image. 

36 The method of daim 35, wherein the step of processing said left d«nnel 
audio signal and said right channel audio signal comprises the step of mixing . spectrally 
weighted difference signal with said left channel audio signal and said right diannel aud.o 

30 signal. 
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37 The me«>«l claim 36, »he«in «id step of miMng a speedily 
*a, ^ said left cha.ne, audi, signal and said ^^>;'«™' •""I" 
compnses *e «eps of obuining a diffe«nce signal «p.sen.ins a di«e,e„ce «n sa,d 
5 channel audio signal and said right channel audio signal. speCraliy v.,gh„ng sa^ 

difference signal, and ooss^celing .he specially weighted difference signa, fro.n d» left 
channel audio signal and the Hght channel audio signal. 

38. The med,od of claim 35, wherein said left speaicer and sak) right speaker are 
10 positioTKd substantially on or near a center axis of the vehicle. 

39 The method of claim 38, wherein said left speaker and said rigf. speaker 
have cones facing a same direction and located adjacent to one another. 

,5 40. The method of claim 38. further comprising the step of mounting s:.id pair of 

speakers on a common speaker mounting stmclure. 

41 The method of claim 40. further comprising the steps of 

placing said speaker mounting struc.u,e within tf-e vehicle such that s.-,id pair of 
20 speake.sa«enclosedwllhinaninteriorstni«ureofthevehicle,and 

priding -least one sound duct which carries sound from sa„i pair of sp«kers to 

an orifice located on the interior structure of the vehicle. 

42 The med«l of claim 41. wherein said orifice comprises a slot oriented In a 
25 horizontai S,^ wherein said at least one sound duct extends into the i-''- ~ 

the vehicle fmm saki slot, is elongate, ^ app»ximate.y c„nfom» to the he,gh. and 
width dimensions of said slot. 
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43. The method of claim 42, wherein said pair of speakers are oriented such that 
their diaphragms ate substantially parallel with the elongate length of said at least one 
sound duct. 

44. The method of claim 42, wherein each of said pair of speakers coipprises a 
speaker cone having a rear portion opposite said orifice, and wherein the methcd further 
comprises the step of providing sound-damping material within said at least o.ie sound 
duct and opposite said orifice, said soundndamping material generally confbrminif to outer 
contours of the rear portions of the cones of said pair of speakers. 

45. The method of claim 35, further comprising the steps of placing a first 
additional 4eft speaker in series with the left speaker and further removed fronr. said orifice, 
and placing a second additional right speaker in series with the right speaker and further 
removed from said orifice. 



46. The method of claim 45, further comprising the steps of applying the 
modified left channel audio signal to said left speaker with a first delay revive to said 
additional left speaker such that destmctive interference between said left speaker and said 
additional left speaker is reduced, and applying the modified right channel audio signal to 

20 said right speaker with a second delay relative to said additional right speaker such that 
destructive interference between said right speaker and said additional right speaker is 
reduced. 

47. The method of claim 46, wherein said left speaker and right speaker are 
25 symmetrically positioned with respect to said orifice, wherein said additional left speaker 

and said additional right speaker are symmetrically positioned with respect to S2.id orifice, 
and wherein first delay and said second delay are equal. 

48. The method of claim 41 , further comprising the step of placing at least one 
30 additional speaker in proximity to said left speaker and said right speaker 

-49- 



PAGE S«83 * RCVD AT 8/2Sa006 11:15:36 PM (Eastern Daylight TImel * SVR:USPT0«:XRF.2n * DNIS:2738300 • CSID:310 203 7199 * DURATION (min.SS):2646 



08/25/2006 20:37 FAX 310 203 7199 



IRELL & MANELLA 



@|057 



PATENT 
157835-0027 



49. The method of claim 48, wherein said at least one additional speaker outputs 
sound through at least a portion of said orifice. 

5 50 The method of claim 35, further comprising the step of mounting left and 

right bass speakers in left and right doors of the vehicle, said left and right bass speakers 
receiving low-pass filtered versions of said left channel audio signal and .aid righ. channel 
audio signal, respectively. 

^ Q 5 T A vehicle sound system, comprisi ng: 

a speaker mounting assembly adapted for placement in a vehicle console or dash, 

said speaker mounting assembly comprising 

a speaker mounting surface; 

a pair of speakers disposed upon said speaker mounting suiface, said 
pair of speaker comprising a left speaker and a right speaker; and 

a sound reflecting surface opposite said pair of speakers and 
collectively with at least said speaker mounting surface defining a sound duct 
temilnating in an orifice, such that acoustic output from said pair of speakers 
is emitted from the orifice after being carried through the sound dud; 
a sound processor receiving as inputs a left channel audio signal and a right channel 
audio signal from an audio sou«:e, and to output a modified left channel audio signal and 
modified right channel audio signal to said pair of speakere. 



15 



20 



52. 



The vehicle sound system of claim 51, wherein said sound processor 
25 configured to mix a spectrally weighted difference signal with said left channel audio signal 
and said right channel audio signal in oKler to generate said modified left channel audio 
signal and modified right channel audio signal to said pair of speakers. 

53. The vehicle sound system of claim 51, wherein said left speaker and said 
30 right speaker are positioned in close proximity. 
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54. The vehicle sound system of claim 51 , wherein said sound duct comprises 
one or more interior walls formed of sound-damping material. 

5 55. The vehicle sound system of claim 54, wherein said sound-damping; material 

comprises compressed foam. 

56 The vehicle sound system of claim 55, whe-^in the compressec. foam is 
sandwiched between the speaker mounting surface and the sound reflecting surface of said 
1 0 speaker assembly. 

57. A vehicle speaker system, comprising: 

a left speaker and a right speaker having sound radiating openings in dose 
proximity; and 

15 a sound processor receiving as inputs a left channel audio signal and a right channel 

audio signal, said sound processor outputting a modified left channel audio signal and 
modified right channel audio signal to said left speaker and said right speaker, respectively, 
thereby widening a sound image collectively produced by said left speaker and said r.ght 
speaker. 

58. The vehicle speaker system of claim 57, further comprising a pair of sound 
ducts temiinating in said sound radiating openings. 

59. The vehicle speaker system of claim 57, wherein said left speaker and right 
25 speaker each comprise a cone temiinating in said sound radiating openings. 
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ABSTRACT 



A vehicle sound system encompasses a combination of speaker configuration, 
speaker placement, and sound processing to impn^ve sound quality. A pair of spoakers (or 
rows of speakers) are placed close together and located in the front of the console or 
dashboard with their geometric center on or near the vehicle's central axis. A sound 
processor acts to 'spread' the sound image produced by the two closely spaced speakers 
by employing a cross<ancellation technique in which the cancellation signal is denved 
from the diffe^nce between the left and right channels. The resulting difference signal is 
scaled, delayed (if necessary), and spectrally modified before being added in opposite 
polarities to the left and right channels. The pair of speakers may be placed on a common 
baffle or mounting surface or in a common housing enclosure, with soured bei.g carried 
through one or more ducts and emanating out of a slot. 
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